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Abstract
We calculate the critical temperature (Tc) of the electroweak phase tran-
sition in the minimal standard model considering simultaneously temperature
(T ) and fermion chemical potential (µf ) effects over the effective potential. The
calculation is performed in the one-loop approximation to the effective poten-
tial at non-zero temperature using the real time formalism of the thermal field
theory. We show that it exists a fermion chemical potential critical value (µcf )
for which the Higgs boson condensate vanishes at T = 0. If T and µf effects are
considered simultaneously, it is shown that for µf ≥ µcf then T 2c ≤ 0, implying
that the electroweak phase transition might not take place.
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1 Introduction
The original idea that spontaneously broken gauge symmetries might be restored
at high temperatures for elementary particles systems in thermodynamic equilibrium
was first presented by Kirzhnits and Linde [1]. They developed this idea for the case
of field theories with global gauge symmetries, while for theories with local gauge
symmetries it was done by Dolan and Jackiw [2] and Weinberg [3]. Later Linde found
that the Higgs boson condensate, responsible for the spontaneous symmetry breaking
in gauge theories, depends not only on temperature (T ) but also on fermion chemical
potentials (µf) [4, 5]. In reference [4] Linde showed that in most gauge theories
with neutral currents an increase of µf leads to an increase of symmetry breaking.
This behaviour was shown explicitly for the abelian Higgs model extended by the
inclusion of fermions. For the Minimal Standard Model (MSM) it was shown [4] that
the electroweak symmetry may not be restorated in the early Universe if an excess of
neutrinos over anti-neutrinos is sufficiently large at present. It should be mentioned
that Linde’s results [4] were obtained in the tree level approximation.
On the other hand, it has been established that the MSM is discarded as the
framework of a possible mechanism of baryogenesis that gives a satisfactory expla-
nation of the current Baryon Asymmetry of the Universe (BAU) [6]. This needling
fact is due to the smallness of CP violation effects when fermion damping rates are
included [6]-[9]. Until now it has not been presented a convincing mechanism of
baryogenesis at temperatures below the critical temperature (Tc) of the electroweak
phase transition in the MSM [10]. However it is plausible that the BAU might have
been generated at a T above Tc through a mechanism of baryogenesis in which B−L
symmetry is conserved [11]. By this reason we consider a scenario in which B − L is
conserved and the BAU has been generated at a T above Tc [12]. In this scenario the
number of particles can be slightly larger than the number of anti-particles implying
non-vanishing fermion chemical potentials (µf 6= 0). Consequently the electroweak
phase transition might take place in a plasma characterized by an excess of particles
over anti-particles, i.e. µf 6= 0.
The main goal of this work is to calculate the Tc of the electroweak phase transition
in the MSM for a plasma characterized by µf 6= 0. This calculation is performed in
the one-loop approximation to the effective potential at finite temperature, working
in the the real time formalism of the thermal field theory [13]-[14] and using the
Feynman gauge. We first calculate the T and µf effects over the effective potential
and then we obtain the Higgs boson condensate dependence on T and µf . We show
that at T = 0 it exists a chemical potential critical value µcf for which the electroweak
symmetry is restored. If T and µf effects are simultaneously considered it is shown
that for µf ≥ µcf then T 2c ≤ 0, implying that the electroweak phase transition does
not take place in this scenario. In the limit µf = 0 we reproduce the expression for
2
Tc published in [15].
The one-loop approximation to the effective potential at finite temperature has
been calculated using the method shown at [15]. Before performing our calculation
for the MSM, which will be done in section 3, we first consider the abelian Higgs
model extended by the inclusion of fermions in section 2. The study of this toy model
allows to investigate the dependence of the Higgs boson condensate on T and µf , and
to calculate the Tc for the case of an abelian gauge theory. Finally our conclusions
are presented in section 4.
2 The Abelian Higgs Model
The abelian Higgs Model extended by the inclusion of a fermion field ψ and a
Yukawa coupling term is given by the following Lagrangian:
L = −1
4
(∂µAν − ∂νAµ)2 + (∂µ + ieAµ) φ¯ (∂µ − ieAµ)φ− λ
(
φ¯φ− b
2
2λ
)2
+ψ¯iγµ (∂µ − ieAµ)ψ + Yf ψ¯φψ + Yf ψ¯φ¯ψ, (2. 1)
where the complex scalar field is φ = 1√
2
(H + iη) and φ¯ is its hermitic conjugate
field, being H the Higgs boson field, η the Goldstone boson field and Yf the Yukawa
coupling constant between ψ and φ. We observe that the potential at zero temperature
V (φ, φ¯) = λ(φ¯φ − b2
2λ
)2 has a minimum value located at < φφ¯ >= H2 + η2 = ν2o ,
where ν2o =
b2
2λ
. The abelian gauge symmetry of the model is spontaneously broken
by the choice of a definite ground state, for instance H = νo and η = 0. This
mechanism of spontaneous symmetry breaking, usually called Higgs mechanism, acts
as the generator for the gauge boson and fermion masses of the model described by
(2.1) in the framework of quantum field theory at zero temperature.
For the statistical model in thermodynamic equilibrium, with the same particle
content and interactions as described by Lagrangian (2.1), it is well known that for
µf = 0 the gauge symmetry of the model at T = 0 is spontaneously broken due to
the appearance of the Higgs boson condensate, i.e. < φφ¯ >= ν2o . This statistical
system presents a phase transition at a critical temperature (Tc): for temperatures
above Tc the system is in the symmetric phase, ν = 0, while for temperatures below
Tc it is in the broken symmetry phase, ν 6= 0. However, as we will show later, this
phase transition might not occur if T and µf effects are simultaneously considered as
< φφ¯ > vanishes for µf ≥ µcf at T ≥ 0.
In this section we consider a thermal medium constituted by fermions, anti-
fermions, Higgs bosons and gauge bosons, characterized by µf 6= 0, where µf is
the chemical potential associated to an excess of fermions over anti-fermions in the
3
plasma. At finite temperature and density the Feynman rules for vertices are the
same as those at T = 0 and µf = 0, and the propagators in the Feynman gauge for
massless gauge boson Dµν(p), massless scalars D(p) and massless fermions S(p) are
[16]:
Dµν(p) = −gµν
[
1
p2 + iǫ
− iΓb(p)
]
, (2. 2)
D(p) =
1
p2 + iǫ
− iΓb(p), (2. 3)
S(p) =
6 p
p2 + iǫ
+ iΓf (p), (2. 4)
where p is the particle four-momentum. The plasma temperature T is introduced
through the Γb(p) and Γf(p) functions given by:
Γb(p) = 2πδ(p
2)nb(p), (2. 5)
Γf(p) = 2πδ(p
2)nf (p), (2. 6)
with
nb(p) =
1
e(p·u)/T − 1 , (2. 7)
nf (p) = θ(p · u)n−f (p) + θ(−p · u)n+f (p) (2. 8)
where nb(p) is the Bose-Einstein distribution function. The Fermi-Dirac distribution
functions for fermions n−f (p) and for anti-fermions n
+
f (p) are:
n±f (p) =
1
e(p·u±µf )/T + 1
. (2. 9)
In the distribution functions (2.7) and (2.8) uα is the four-velocity of the center-mass
frame of the dense plasma with uαuα = 1.
If fermion density effects are not considered the change of < φφ¯ >, from ν2o at
T = 0 to zero at T = Tc, is due to the temperature corrections to the effective potential
of the complex scalar field. Now we calculate this effective potential considering
simultaneously T and µf effects following the same procedure as shown in [15]. We
first calculate the polarization operator Πφβ of the complex scalar field φ at zero
external momentum:
4
Πφβ(0) =
[
∂2Vβ(φ, φ¯)
∂φ∂φ¯
]
φ=0
. (2. 10)
The one-loop diagrams which contribute to Πφβ are shown in Fig. 1. The contributes
of these diagrams to Πφβ at leading order in T
2 and µ2f are:
Π(a)(0) =
1
3
λT 2, (2. 11)
Π(b)(0) =
1
3
e2T 2, (2. 12)
Π(c)(0) = − 1
12
e2T 2, (2. 13)
Π(d)(0) =
Y 2f
2
[
T 2
3
+
µ2f
π2
]
. (2. 14)
We observe that the µf effects over the effective potential at finite temperature is
due to the contribute of diagram (d) shown in Fig. 1., which includes a fermion
propagator. The full effective potential is:
V (φ, φ¯) + Vβ(φ, φ¯) = λ(φφ¯− ν2o )2 +
[
1
12
(4λ+ 3e2 + 2Y 2f )T
2 + Y 2f
µ2f
2π2
]
φφ¯. (2. 15)
The Higgs boson condensate dependence on T and µf is given by:
ν2(T, µf) = ν
2
o −
1
6
(
1 +
3e2
4λ
+
Y 2f
2λ
)
T 2 − 1
4π2
Y 2f
λ
µ2f . (2. 16)
For the purpose of reproducing known results we put T = 0 in (2.16) and we obtain:
ν2(0, µf) = ν
2
o −
1
4π2
Y 2f
λ
µ2f . (2. 17)
As it is possible to observe in (2.17) ν(0, µf) turns to be zero at a fermion chemical
potential critical value µcf given by:
µcf =
√
2π
b
Yf
. (2. 18)
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This result is in accordance with equation (5.3) of reference [5] implying that, if
temperature effects are not included, a second order phase transition with symmetry
restoration takes place [5]. The Higgs boson condensate (2.16) turns to be zero at:
T = Tc = 2νo
√√√√6λ− 3(Y 2f µ2f/2π2ν2o )
4λ+ 3e2 + 2Y 2f
. (2. 19)
We observe that if fermions are not introduced in the Higgs model Lagrangian (2.1),
i.e. Yf = 0 in (2.16), then (2.19) reduces to:
Tc = 2νo
√
6λ/(4λ+ 3e2), (2. 20)
in agreement with [15]. Expression (2.19) is very interesting because it shows the
effect of µf on the Tc value. We note from (2.19) that for:
µf = µ
c
f = πνo
mH
mf
, (2. 21)
where m2H = 2λν
2
o and m
2
f = Y
2
f ν
2
o/2, then Tc = 0. This means that if we consider
simultaneously T and µf effects, and if µf ≥ µcf , then T 2c ≤ 0. This implies that in
the above scenario a phase transition can not take place at any temperature. In other
words if µf is sufficiently large the gauge symmetry of the Higgs model extended by
the inclusion of fermions is not spontaneously broken for T ≥ 0.
3 The Minimal Standard Model
In this section we will calculate the Tc of the electroweak phase transition in the
MSM. The scenario considered corresponds to an electroweak plasma in thermody-
namical equilibrium characterized by unknown non-vanishing fermion chemical po-
tentials. We consider for quarks µu 6= µd 6= µc 6= ... 6= 0 and for charged leptons
µe 6= µµ 6= µτ 6= 0. Following a similar procedure as the one of section 2 we obtain
the effective potential at non-zero temperature:
Vβ(φ, φ¯) =
[
2λ+
3g2
4
+
g′2
4
+
∑
q
Y 2q +
1
3
∑
l
Y 2l
]
T 2
4
φφ¯
+
[
3
4π2
∑
q
Y 2q µ
2
q +
1
4π2
∑
l
Y 2l µ
2
l
]
φφ¯, (3. 1)
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where the only novelty is the contribute from the different fermion species through
the Feynman diagrams as the one of figure (1d). With this result the Higgs boson
condensate depends on T and µf as:
ν(T, µf)
2 = ν2o −
[
1 +
3g2
8λ
+
g′2
8λ
+
1
2λ
∑
q
Y 2q +
1
6λ
∑
l
Y 2l
]
T 2
4
− 1
8π2λ
[
3
∑
q
Y 2q µ
2
q +
∑
l
Y 2l µ
2
l
]
. (3. 2)
The electroweak phase transition occurs at
T = Tc(µf) = 2νo
[
1− 3
2pi2
∑
q
m2q
m2
H
µ2q
ν2o
− 1
2pi2
∑
l
m2
l
m2
H
µ2
l
ν2o
]1/2
[
1 + 3g
2
8λ
+ g
′2
8λ
+ 2
∑
q
m2q
m2
H
+ 2
3
∑
l
m2
l
m2
H
]1/2 , (3. 3)
where we have used the notation m2f = Y
2
q ν
2
o/2 and m
2
H = 2λν
2
o . We observe that if
we do not consider fermion contributes to the effective potential, i.e. mf = 0 in (3.3),
we obtain:
Tc = 2νo
[
1 +
3g2
8λ
+
g′2
8λ
]−1/2
, (3. 4)
in agreement with [17]. If we put µf = 0 in (3.3), we obtain:
Tc(0) = 2νo
[
1 +
3g2
8λ
+
g′2
8λ
+ 2
∑
q
m2q
m2H
+
2
3
∑
l
m2l
m2H
]−1/2
, (3. 5)
in accordance with [15].
It is clear from (3.3) that if:
3
2π2
∑
q
m2q
m2H
µ2q
ν2o
+
1
2π2
∑
l
m2l
m2H
µ2l
ν2o
= 1, (3. 6)
then Tc = 0. The contributes to (3.3) coming from the different fermion species are
proportional to m2f/m
2
H . The experimental lower bound on the Higgs boson mass,
7
MH =107 GeV [18], allows to conclude that the main contribute in (3.3) is due to
the top quark mass (mt), and it is possible to write in good approximation (3.6) as:
3
2π2
m2t
m2H
µ2t
ν2o
∼ 1. (3. 7)
Taking mt = 174 GeV, νo = 246 GeV and mH = 110 GeV in (3.7), we obtain a
chemical potential critical value:
µct ∼ 400 GeV. (3. 8)
From (3.3) it can be stated that if µt ≥ µct then T 2c ≤ 0, therefore the electroweak
phase transition can not take place in the above scenario.
For the case µt < µ
c
t we observe from (3.3) that Tc(µt) < Tc(0), being Tc(0) ∼ 100
GeV the critical temperature value of the electroweak phase transition for the case
µt = 0. The Tc(0) value can be obtained from (3.5) taking the same inputs as in
(3.8). We note that the µf values associated to the different fermion species of the
MSM in the expression (3.3) are unknown parameters.
4 Conclusions
We have consider a B − L conserving thermal medium in thermodynamic equilib-
rium in which the Baryon Asymmetry of the Universe (BAU) has been generated at a
temperature T above the critical temperature Tc of the electroweak phase transition
in the Minimal Standard Model (MSM). In this scenario the number of particles can
be slightly larger than the number of anti-particles implying non-vanishing fermion
chemical potentials µf 6= 0. We have calculated the Tc in the MSM for a thermal
medium characterized by µf 6= 0. The calculation was performed in the one-loop ap-
proximation to the effective potential at finite temperature, working in the real time
formalism of the thermal field theory and using the Feynman gauge. To calculate the
effective potential we have followed the procedure shown at [15].
We have calculated the T and µf effects over the effective potential, and the Higgs
boson condensate dependence on T and µf . We have shown that at T = 0 it exists a
chemical potential critical value µcf for which the electroweak symmetry is restored.
If T and µf effects are simultaneously considered it was shown that for µf ≥ µcf then
T 2c ≤ 0, implying that the electroweak phase transition does not take place in this
scenario. In the limit µf = 0 we have reproduced the Tc expression published in [15].
On the other hand we have shown for µf < µ
c
f that Tc(µf) < Tc(0), being Tc(0) the
critical temperature of the electroweak phase transition for the case µf = 0. The main
non-vanishing fermion chemical potential effect over the electroweak phase transition
8
is to lower the Tc value respect to the case µf = 0. We have assumed that µfi 6= 0
for all the fi quark and charged lepton flavours. The values of the different µfi are
unknown and we argue that their values could be obtained through a mechanism of
baryogenesis generating the current BAU at a T above Tc.
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